Living muscle tissue seems to have an efficient potential as an actuator. We propose to utilize a tissue engineered skeletal muscle (TESM) as a bio-actuator by connecting to the object through artificial anchors. We designed a rod-shaped TESM with artificial anchors and fabricated it by culturing myoblasts in collagen gel for several days. The contractile ability and controllability of the TESM were confirmed by stimulating electrically. The contractions were evoked forcibly and synchronously by electrical pulses under 4.5 Hz. The electrical pulses at 8 Hz kept the contractile state. As potential anchor materials, silicone sponge and nonwoven nylon mesh were examined. The anchors made of nonwoven nylon mesh held a rod-shaped TESM for more than 3 weeks successfully, while the anchors made of silicone sponge held it for only 2-4 days and the TESM broke down at the connecting area. The mechanical endurance between the TESM and the nylon anchors was examined using our original stretching device. No damage was observed from the repeated mechanical loading at 0.5 Hz with 5 % stretch rate for 10 days. We concluded that the TESM has good potential for utilization as a bio-actuator and its abilities can be exploited by connecting it to an object through artificial anchors.
Introduction
Recently living muscle cells have received much attention as a novel actuator for microdevices since they are not only smaller and softer than conventional actuators but also have high energy-conversion efficiency.
(1) Additionally, muscle cells can work using only the chemical energy in adenosine triphosphate ATP (2) obtained by glycolysis, that is, the process by which glucose is oxidized and cleaved to form pyruvate.
(3) Almost all biohybrid microdevices reported so far have been actuated by mammalian cardiomyocytes, e.g. pillar actuators (4)(5) , micro pumps (6)(7) , a muscular cell thin film (8) , and various microdevices (9)-(11) .
As an example using not-mammalian heart cells, Akiyama et al. (12) have reported a micropillar actuator driven by caterpillar heart tissue and migrated cells, which can work at room temperature for a long term without any maintenance. The cardiomyocytes including caterpillar dorsal vessel cells are able to contract spontaneously without external stimulus because their regular and rhythmic heart beats are generated in the cell itself (myogenic), not in a nerve ganglion (13) (14) . The heart muscle cell is superior in term of autonomy.
On the other hand, skeletal muscle, which contract only when stimulated externally and do not contract spontaneously, seem to be appropriate to an actuator from the viewpoint of regulation of contraction. A skeletal muscle fiber consists of enormous myofibrils. These myofibrils are formed from matured myotubes that in turn are formed by fusion of several myoblasts. Myotube formation in vitro was reported in 1975, (15) and it has become one of the common cell culture techniques in use today. Akiyama et al (16) and Yamasaki et al (17) proposed utilization of a myotube as an electrical stimulation controllable actuator and both groups evaluated responses of myotubes to electrical stimulation at various frequencies. The contracting force of the myotube is assumed to be several micro-Newtons as it was reported that the contracting force of a single rat cardiomyocyte is as much as 5.7 µN under isometric conditions. (18) It is necessary to improve the output power for applications to various fields. Though the output power will increase by using many cells in parallel, it is difficult and not realistic to assemble enormous numbers of cells to predefined positions one-by-one using a micromanipulator. Improvement of the output power is achievable by reconstructing muscle tissue. Various tissue engineered muscles (TESMs) have been reported so far, such as, self-organized organoids (myooids) (19) - (21) , lamination of cell sheets (22) , and three-dimensional gel culturing of muscle cells (23) - (27) and the contractile force of one TESM was found to actually increase to several hundred micro-Newtons. (21) Because the three-dimensional gel can fabricate an arbitrary shape structure, it should be a suitable approach for realizing an actuator. Next, the interface between the TESM and an object is a very important issue for utilization as a mechanical component. It is necessary to connect them using an anchor made of a material with low cytotoxicity and high cellular adhesiveness. In previous studies on TESMs, silk suture, (20) (21) acellularized tendon, (20) stainless steel mesh, (23) and Velcro (24) were used as an anchor. Also, a nonwoven nylon mesh (28) was used as an anchor for an artificial tendon consisting of avian tendon fibroblasts. To avoid this issue, some researchers used a ring-shaped TESM, and the TESM was fixed by hooking the ring on an object when the mechanical properties were measured. (25) - (27) In the present study, we propose to utilize a TESM as a more powerful actuator than a single myotube and we design and fabricate a rod-shaped TESM with artificial anchors in order to enable users to assemble the TESM easily into variously shaped devices. The responses of the rod-shaped TESM to electrical pulse stimuli were evaluated. Additionally, mechanical endurance between the TESM and the anchor was examined by repeated mechanical loadings.
Materials and Methods

Preparation of Neonatal Rat Myoblasts
Myoblasts were prepared from 1-day-old Wistar rats following the method of Dennis et al (20) . All skeletal muscles were removed from four limbs and digested by collagenase type IV and dispase. The digested mixture was collected into growth medium consisting of Ham's F-12 medium supplemented with 20 % fetal bovine serum and antibiotics.
Fabrication of TESM for Culturing Myoblast in Collagen Gel
The neonatal rat myoblasts were cultured in collagen gel. The procedures were as follows. First, collected myoblasts were suspended at the concentration of 1×10 6 cells/ml into growth medium. Then, 3.5 mg/ml of type I collagen solution neutralized with 1 N NaOH, 172µl of Matrigel (Becton Dickinson) and 1000 µl of the cell suspension were mixed gently in a centrifuge tube which was cooled using an ice bath during this procedure.
After that, the cell-gel mixture was poured onto a cell culture dish ( Fig. 1a ) and incubated for 3 h at 37°C in a humidified atmosphere of 5% CO 2 . Finally, the cell-gel mixture was overlaid with growth medium and cultured in the same conditions mentioned above. For the first 3 days, the medium was exchanged every 24 h (Fig. 1b) . From day 4 forward, medium replacement every second day was done with differentiation medium consisting of Dulbecco's modified Eagle medium supplemented with 7 % horse serum and antibiotics. To access cell viability, the cell-gel mixture after 4 days of culture was stained with CellTracker Green (Molecular Probes), which stains only cytoplasm of living cells and was observed with a fluorescent microscope (IX-71, Olympus).
Electrical Stimulation to TESM
The cell-gel mixture after 10 days of culture was used as the TESM in this experiment (Fig. 1c ). An experimental set-up for electrical stimulation has been described in detail elsewhere (16) . Electrical pulses generated by an electrical stimulator (SE-3301, Nihon Koden) were given to the TESM in the medium through a platinum electrode. To avoid electrolysis, a 220 µF aluminum electrolytic capacitor was connected between the stimulator and the anode electrode in the cell culture dish. The stimulating voltage and the pulse duration were 10 V and 30 ms, respectively. The TESM was observed with a stereomicroscope (MVX-10, Olympus) during electrical stimulation and the video images were captured into a PC and analyzed with ImageJ (NIH).
Design of a TESM Fabrication Chamber
A chamber was designed for gel culturing fabrication of the TESM (Fig. 2) . The chamber itself was fabricated by PDMS molding. Anchors were set into two grooves located in parallel on the bottom. Four through holes in the corners were used to set the chamber onto a stretching device when the mechanical loadings were applied. 
Fabrication of Rod-Shaped TESM with Anchors
First of all, we examined suitability of different materials for the anchor. Taking cytotoxicity and gel permeability into account, silicone sponge and nonwoven nylon mesh were selected as candidates. The pretreatment for anchors before pouring the cell-gel mixture was as follows. First, the anchor materials were cut into small pieces to fit into the grooves of the chamber. The small pieces were coated with laminin by soaking them in 100 µg/ml laminin solution for 5 h. After that, they were washed with PBS twice. Finally, the coated pieces were set into the grooves as an anchor and the cell-gel mixture was poured into the chamber. The culture conditions were the same as mentioned above.
Repeated Mechanical Loadings to TESM
The TESM was loaded mechanically using our originally developed stretching device consisting of a stepping motor (PK544NAW, Oriental Motor), a microcomputer (H8/3052F, Renesas Technology Corp.), and mechanical parts to stretch the fabrication chamber. The stepping motor and the mechanical parts are shown in Fig. 3a . The left plate was fixed and the right plate was slid by the stepping motor. This device was programmed to stretch the chamber by 4 mm, while the length of the gel between the anchors increased by 0.5 mm, i.e. 5 %, based on comparison of the chamber in the normal and the stretching states (Fig. 3b) .
Results and Discussion
The cell-gel mixture which was poured into the culture dish became a round-shaped TESM, which became cloudy and shrunk as time passed. The white turbidity should be due to cell proliferation and the TESM should shrink because cells pulled the collagen fibrils. (29) Myoblasts in the TESM proliferated and fused into myotubes after 4 days of culture (Fig.  4a) and their viability was confirmed by means of staining with CellTracker Green (Fig.  4b) . From around 7 days of culture, the TESM often contracted around 2 Hz spontaneously, which confirmed that the TESM had gotten the contractile ability. Finally, the TESM curled up toward the center after around 10 days of culture (Fig. 1c) .
The responses of the TESM to electrical pulse stimuli were evaluated by image analysis. The diameter of the TESM at the longest position was approximately 5 mm (Fig.  1c) . Shortening of the length by stimulations at 1, 3.3, 4.5, and 8 Hz was calculated by image analysis and the results are shown in Fig. 5 . The TESM contracted synchronously with electrical pulses at 1 to 4.5 Hz and the shortened lengths were around 30 µm except for the first contraction at 1 Hz. The contractions fused together at 8 Hz and the shortened lengths were kept around 40 µm. These results show that the electrical pulse of 10 V in voltage and 30 ms in duration can forcibly evoke contractions of the TESM and electrical pulses of more than 8 Hz can keep the contractile state (tetanus) of the TESM. Much larger contractions than usual were observed sometimes at the first electrical pulse as shown in Figs. 5a and d. This phenomenon was often observed after an interval of more than a few Fig. 3 The originally-developed stretching device (a) and the chambers in the normal and stretching states (b). minutes. We think that an extremely strong tetanic contraction was caused, in spite of the same stimulating conditions being used, and it resulted from temporarily lowering the contractile threshold for electrical current. Electrical pulses of lower voltage and shorter duration should be used to prevent not only unexpected tetanic contractions but also electrolysis.
The rod-shaped TESMs with anchors of the two candidate materials after culture day 4 days are shown in Figs. 6a and b. The air in the anchors must be removed when the cell-gel mixutre are poured because it will diffuse from them and break down the TESM as time passes. The anchors made of nonwoven nylon mesh were able to hold the TESM against this internal tension and the TESMs could be kept for more than 3 weeks. On the other hand, all the TESMs with silicone sponge anchors broke down within 2-4 days of culturing due to the internal tension. These results indicate that nonwoven nylon mesh is more suitable for the gel anchor than the silicone sponge. A nylon sponge was also examined, but the TESM was broken (data not shown). A stainless steel mesh, (23) Velcro, (24) and a nonwoven nylon mesh (28) were all previously reported useful for the anchor. Based on this, one of the most important factors for selection as the anchor may be texture, e.g. the roughness or porosity of the sponge or the mesh size of a material. As well as the round-shaped TESM cultured in the dish, the rod-shaped TESM with the anchors often contracted spontaneously at around 2 Hz from around day 7. The width of the TESM around the center was approximately 1.8 mm and the shortened width around the center was 280 µm on a single side (Figs. 6c and d) . In contrast, the shortened length of the round-shaped TESM of approximately 5 mm in diameter was up to 70 µm when stimulated electrically (Fig. 5) . The result shows the contractile ability of the rod-shaped TESM is improved by the internal tension. This agrees with the finding that static mechanical stimulation plays an important rule for in vitro muscle tissue reconstruction. (30) The cell viability inside of the TESM after culturing 14 days was assessed by histological staining. The TESM was stained with hematoxylin and eosin after being fixed with formalin and embedded in paraffin. Histological cross sections are show in Fig. 7 . Though myoblasts in the whole tissue proliferated and fused into myotubes, the cell density near the surface is obviously higher than around the center. Okano and Matsuda (25) reported that cells located near the center of the TESM of 500 µm diameter underwent necrosis due to a shortage of oxygen and nutrition while necrosis was effectively prevented in the TESM of less than 300 µm diameter. In the present study, the height of the TESM decreased from 3 mm to 440 µm during 14 days of culturing. The height of the chamber should be less than 2 mm to fabricate the TESM which is entirely composed of living cells. Mechanical loadings to the TESM were applied at 0.5 Hz for 10 days and no damage throughout the whole TESM with the anchors was observed. This suggests that the mechanical endurance between the TESM and the anchors is strong enough to allow utilization as an actuator. The lifetime of the myooid TESM was reported as 50 days or more depending on the type of cells. (21) Details of the mechanical properties, such as peak loading and long-term durability should be investigated next, followed by further experiments leading toward practical use. 
Conclusions
We designed and fabricated the rod-shaped TESM with artificial anchors to be utilized as a bio-actuator. The TESM was fabricating by culturing myoblasts in a collagen gel for several days, in which myoblasts proliferated and fused into myotubes. The contractions of the TESM were able to be controlled by electrical pulse stimulation of 30 V and 30 ms duration. In particular, the TESM held the contracting state when the electrical pulses were 8 Hz. As anchor materials, silicone sponge and nonwoven nylon mesh were examined. Nonwoven nylon mesh kept the TESMs without breaking for more than 3 weeks, while silicone sponge anchors kept them for only 2-4 days and the TESMs broke down as the internal tension increased. The mechanical endurance of TESMs with anchors made of nonwoven nylon mesh was examined using our original stretching device. Since no damage was observed from the repeated mechanical loading at 0.5 Hz with a 5 % stretch rate for 10 days, the nonwoven nylon mesh should be appropriate for the anchor material. The interface between living tissue and an artificial structure is an important and difficult issue for applications in the biomechanical field. The results in the present study support previous findings that the TESM has efficient good potential for utilization as a bio-actuator which can be connected to an object through artificial anchors 
